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ABSTRACT
The fields in which lead (Pb) finds application in the modern world have increased dramatically in
recent years. As a consequence of this intensive utilization of Pb, its toxicity tends to pose more
and more environmental problems. The aim of this study was to evaluate the genotoxic potential
of Pb and to characterize some physiological parameters in Secale cereale under Pb stress. Plants
were subjected to different exposure levels of Pb (0, 100, 200 and 400 mmol/L) for two weeks. At
the end of the experimental period, the effects of Pb exposure on the photosynthetic pigments
content (chlorophyll a and b, total chlorophyll, chlorophyll a/b and carotenoids) and genetic
material of S. cereale were studied. To evaluate the genotoxic effect of Pb, random amplified
polymorphic DNA  polymerase chain reaction (RAPD-PCR) was employed. The obtained results
showed alteration in the photosynthetic pigments content and RAPD-PCR profiles of S. cereale
grown in the presence of Pb. The alterations in the RAPD-PCR profiles following Pb treatments
appeared to be losses of normal bands and occurrences of new bands compared to unexposed
plantlets. Overall, the content of chlorophyll a, chlorophyll b, total chlorophyll and carotenoids
decreased by 6.68%, 6.08%, 2.89% and 8.57%, respectively, under severe Pb stress (400 mmol/L).
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Introduction
Heavy metals exert toxic effects on living species, and
heavy-metal bioaccumulation is observed with different
latency periods, even lasting for decades.[1] The toxicity
level mainly depends on the type of heavy metal and its
concentration. However, some heavy metals, e.g. Cu, Fe,
Mn, Mo, Ni and Zn, are involved in a number of biological
processes essential for organisms but, in excessive
amounts, can cause many toxicity-related health condi-
tions.[2,3] Other heavy metals, including As, Cd, Cr (for
plants), Hg and Pb, even when present in minute quanti-
ties, are potentially toxic for organisms.[2,4] In humans,
accumulation of heavy metals mainly occurs through con-
taminated foodstuff, water or air.[5] In the last few deca-
des, the level of heavy metals in the environment has
significantly increased, mainly due to anthropogenic fac-
tors, e.g. misuse of agricultural, transportation and indus-
trial activities,[69] and natural factors, including volcanic
activity, leakage from rocks, radon emission and some nat-
ural disasters (earthquakes, floods, storms and forest fires
etc.),[6,10] causing contamination of the environment.
One of the hazardous heavy metals that exist in differ-
ent forms in the environment is lead (Pb). It exists in
some organic compounds, e.g. tetraethyl lead; inorganic
compounds, e.g. lead arsenates, lead chromates, lead
chloride, lead oxide, lead sulphate and lead silicates; and
in a mineral form [11]. The major sources of Pb pollution
are accumulators, batteries, cable sheathing, lead sheets,
combustion of lead-containing petrol, solders, pigments,
ceramics, photographic materials and explosives
manufacturing.[2,12,13] As a consequence, the concen-
tration of Pb as an environmental pollutant is directly
correlated with industrialization and urbanization.
Because of its highly toxic nature for living systems, reg-
ular monitoring of Pb is a necessity in health-related pro-
grammes.[6] Pb has been reported to reduce the
cognitive/intellectual development and the glomerular
filtration rate, and to increase blood pressure and the
incidence/risk of cardiovascular disease.[6,11] Pb affects
plant growth and development by interfering with plant
metabolism, including binding to the sulfhydryl groups
of proteins, which causes disruption of protein structure
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or inhibition of protein activity. The deleterious effects
resulting from Pb exposure can also be observed in
plants as a consequence of disturbance in the uptake
and/or distribution of other essential elements.[14] In
addition, ROS can be formed as a result of Pb stress,
causing oxidative damages in cells.[14,15].
Secale cereale (rye), belonging to the Triticaceae fam-
ily, is a wild species mainly distributed in central and
eastern Turkey, as well as in neighbouring regions. It is
used as a cover crop plant to improve soil fertility/quality
and for protection of agricultural fields from the invasive
behaviour of weed species.[16]
In the present study, the possible physiological and
genotoxic effects of Pb in rye were investigated to gain a
better understanding of the effects of Pb pollution on liv-
ing species. The obtained results may be used to assess
the degree of pollution in the environment by compara-
tive analysis of the data from our work and data obtained
from screening and monitoring of the environment. This
may facilitate the use and planning of possible measures
for the detection and prevention of Pb pollution posing
risk of detrimental effects on species, especially plants.
Materials and methods
S. cereale plantlets and in vitro growth conditions
The seeds of S. cereale var. Aslim-95 used in this work
were obtained from Bahri Dagdas International Agricul-
tural Research Institute. For surface-sterilization, S. cere-
ale seeds were treated with 70% (v/v) ethyl alcohol for
15 min, rinsed three times in deionized water for 5 min,
then immersed in 20% (v/v) commercial bleach (ACE)
for 10 min and rinsed three times with deionized water.
Sterilized seeds were placed in small vessels containing
Murashige and Skoog (MS) medium [17] used for germi-
nation. After germination, the 34 cm long plantlets
were grown in vitro in MS solid medium containing 0,
100, 200 and 400 mmol/L of Pb in the form of Pb(NO3)2.
They were incubated in a growth chamber. The tempera-
ture and relative humidity were maintained at 23 § 2 C
and 50%55%, respectively, and fluorescent tubes were
used as a light source providing photosynthetically
active radiation of 5000 mmol/(m2 s), with a day/night
cycle of 14 h/10 h. The pH value was adjusted to 5.8 in
the control and experimental groups. The plantlets were
harvested at the end of the 14-day experimental period,
and the subsequent measurements were carried out.
Total chlorophyll, chlorophyll a, chlorophyll b and
carotenoids content in S. cereale
The amounts of photosynthetic pigments were deter-
mined according to Arnon.[18] Briefly, 0.5 g of leaf
material from each sample was used for the extraction
of photosynthetic pigments in 15 mL of 80% acetone (v/
v). Centrifugation was performed at C4 C and 3000g for
10 min. Following centrifugation, the volume of superna-
tant for each sample was measured and the content of
photosynthetic pigments in each supernatant was deter-
mined spectrophotometrically (PerkinElmer-Optima
7000 DV) at 645, 663 and 470 nm. The total chlorophyll,
chlorophyll a, chlorophyll b and carotenoids concentra-
tions were calculated using the following equations:
CaD ½12:7£D6632:69£D645£V=1000
CbD ½22:9£ D6454:68£D663 £ V=1000
CTotalD ½20:2 £D645C 8:02 £D663£ V=1000
CxC cD 1000D4701:90Ca63:14Cb=214£ V=1000
where Ca is the chlorophyll a concentration (mg/mL), Cb
is the chlorophyll b concentration (mg/mL), CTotal is the
total chlorophyll concentration (mg/mL), CxCc is the caro-
tenoids concentration (mg/mL), D663, D645 and D470 are
the optical densities at 663, 645 and 470 nm, respec-
tively, and V is the volume of the supernatant obtained
after the centrifugation (mL).
Determination of total protein in S. cereale roots
The content of total soluble proteins was determined
spectrophotometrically, according to Bradford [19].
Briefly, 1 g of fresh root material was homogenized in
3 mL of 0.1 mol/L phosphate solution (pH 7.7). Centrifu-
gation was performed at C4 C and 12,000g for 20 min
and the supernatants were collected for measurement
of the total soluble protein content. Bradford reagent
(5 mL) was added to 100 mL of each supernatant sample
and, after 5 min, measurements were made at 595 nm
and the protein content was determined using a stan-
dard curve. The standard curve was prepared with a
series of dilutions of bovine serum albumin.
Determination of Pb accumulation in S. cereale
The leaf and root samples of plants subjected to Pb
stress and plants not treated with Pb (as controls), were
dried in an oven at 80 C for 48 h and then the samples
were pulverized using a micro hammer-cutter mill (por-
celain) and passed through a 1.5-mm sieve. Aliquots of
0.2 g from each sample were weighed and placed into
Teflon vessels and then, dissolved in 8 mL of 65% HNO3
(v/v). Next, minerilization of the samples was performed
in a microwave oven (Berghof – MWS2) as follows: at
145 C for 5 min, at 165 C for 5 min and at 175 C for
20 min. After cooling, Whatman filters (Macherey-Nagel
125 mm, 2 mm pore size) were used for filtration of the
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samples and 50 mL of ultra pure water was added to
each filtered sample in a volumetric flask. The samples
were then stored in falcon tubes. A standard solution
was prepared and Pb concentrations were determined
using inductively coupled plasma optical emission spec-
troscopy (PerkinElmer-Optima 7000 DV).
Assessment of the genotoxic potential of Pb
in S. cereale
In this study, the RAPD (random amplified polymorphic
DNA) technique was employed for assessment of the
potential genotoxic effect of Pb exposure. The RAPD pro-
files of root samples of S. cereale plantlets exposed to Pb
were compared to those of untreated (control) samples.
DNA was extracted using the Promega Wizard Genomic
DNA Purification Kit, according to the supplier’s instruc-
tions. The concentrations of the obtained genomic DNA
were determined using BioSpec-nano Micro-volume
UVVis Spectrophotometer (Shimadzu Scientific
Instruments).
Polymerase chain reaction (PCR) products were
obtained by using seven different primers (RAPD _Iontek)
for RAPD analysis and primer 4 (5'-CTGAGGTCTC-3') pro-
duced specific and stable band profiles in our study. The
PCR reaction mix contained 2.5 mL of PCR buffer (10X),
1 mL of deoxynucleoside triphosphates (dNTP) mix
(2.5 mmol/L), 3 mL of primer (10 mmol/L), 50100 ng of
genomic DNA and 0.5 mL (5 U) of Taq DNA polymerase;
the final volume was adjusted to 25 mL with sterile deion-
ized water. A negative control containing all reaction
components except template DNA was set up for each
reaction. A Techne Endurance TC-512 Gradient Thermal
Cycler was used for the amplifications. The PCR pro-
gramme was as follows: initial denaturation at 94 C for 2
min; followed by 45 cycles of denaturation at 94 C for
30 s, primer annealing at 35 C for 30 s, elongation at 72
C for 2 min and a final extension step at 72 C for 7 min.
Amplification products were separated in a 1% aga-
rose gel electrophoresis. A molecular size marker (Gene
RulerTM 100 bp DNA Ladder, ready-to-use, Thermo Scien-
tific) was used. Following ethidium bromide staining,
DNA bands were visualized under UV light. The results
were documented using an 0WL EASYCAST B2 system
(Thermo Scientific) and the Gel Analyzer 2010 program.
The genomic instability was evaluated based on the
genomic template stability (GTS) using the following
equation: GTS D [1 ¡ (a/n)] £ 100, where a is the total
number of polymorphic bands in each sample and n is
the total number of bands in the controls. DNA varia-
tions were detected as alterations including loss and
gain of bands in profiles.
Statistical analysis
Data presented in figures and tables are means from
eight independent experiments with standard devia-
tions (§SD). Data were analyzed statistically using one-
way analysis of variance (ANOVA) with Tukey’s post hoc
HSD (honestly significant difference) test. IBM SPSS v. 20
software was used for statistical analyses. Means were
considered significantly different at P < 0.01 (
) and
P < 0.05 ().
Results and discussion
The toxic effects of Pb on plants depend on its concen-
tration, the salt-forming capacity, the soil properties and
the plant species. In plants, toxic levels of Pb cause dam-
age to different cellular functions, including targeting
metal ions in functional groups of macromolecules, pho-
tosynthesis, regulation of water capacity by altering
related enzyme activities and mineral nutrient metabo-
lism.[20]
Effect of Pb treatment on the content of
photosynthetic pigments
In the present study, growth of S. cereale seedlings in the
presence of different Pb concentrations (0400 mmol/L)
for 14 days was observed to be associated with fluctua-
tions in the chlorophyll a, b, a/b, total chlorophyll and
carotenoids content (Figure 1). The results showed that,
at the end of the 14-day experimental period, there was
an increase in the content of chlorophyll a (by »10.34%
and »24.39%), chlorophyll b (by »10.22% and
»44.66%), total chlorophyll (by »3.24% and »27.12%)
and carotenoids (by »10.10% and »28.04%) with 100
and 200 mmol/L Pb treatments, respectively, whereas
there was a reduction in the content of chlorophyll a (by
»6.68%), chlorophyll b (by »6.08%), total chlorophyll (by
»2.89%), carotenoids (by »8.57%) with 400 mmol/L Pb
treatment, compared with the controls. Also, there was
an increase of »4.48% in the content of chlorophyll a/b
under the level of 100 mmol/L Pb treatment, whereas
there was a reduction of »18.75% and »16.47% in the
content of chlorophyll a/b under 200 and 400 mmol/L Pb
treatments, respectively, compared with the controls.
Overall, the results (Figure 1) showed a trend for an
increase in the photosynthetic pigments content (chlo-
rophyll a, chlorophyll b, chlorophyll a/b, total chlorophyll
and carotenoids) in S. cereale treated with 100 and/or
200 mmol/L Pb. When the level of Pb was increased to
400 mmol/L, there was a trend for a reduction in the pho-
tosynthetic pigments content.
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The statistical analysis (ANOVA with Tukey’s post hoc
HSD test) revealed a significant difference only regarding
the chlorophyll a and the total chlorophyll content. For
the chlorophyll a content, there was a significant differ-
ence (P < 0.05) between the control, 100 and 200 mmol/
L Pb treatment groups; therefore, the results of Tukey’s
post hoc HSD test produced no subsets. Regarding the
total chlorophyll content, there were significant differen-
ces between the control, 100 and 400 mmol/L Pb treat-
ment groups (P < 0.05) and between the control and
200 mmol/L treatment groups (P < 0.01). With respect to
the results from Tukey’s post hoc HSD, the control, 100
and 400 mmol/L treatment groups were taken in one
subset and the 200-mmol/L treatment group was taken
in another subset.
In a similar study in Triticum aestivum,[21] the con-
tents of chlorophyll a, b, total chlorophyll and carote-
noids were reduced under Pb stress (0, 500, 1000 and
2500 mmol/L). Similar results were reported in Brassica
rapa, where at the end of a six-day experimental period,
there was a negative correlation between the content of
chlorophyll a, b and carotenoids and the applied Pb lev-
els (0, 0.5, 1, 3 and 5 mmol/L).[22] The reduction rates
(%) were 57.4% for chlorophyll a, 68.5% for chlorophyll b
and 38.1% for carotenoids under 5 mmol/L Pb(NO3)2
treatment.[22]
* *
0.0
0.1
0.2
0.3
0.4
Control              100µmol/L            200µmol/L              400µmol/L
a
0.00
0.05
0.10
0.15
0.20
Control               100µmol/L            200µmol/L             400µmol/L
b
* * ** *
0.00
0.15
0.30
0.45
0.60
Control               100µmol/L            200µmol/L             400µmol/L
c
0.0
0.6
1.2
1.8
2.4
3.0
Control               100µmol/L              200µmol/L             400µmol/L
d
0.00
0.04
0.08
0.12
0.16
Control                100µmol/L             200µmol/L            400µmol/L
e
Figure 1. Pigment concentrations in control and Pb-treated S. cereale leaves: chlorophyll a (a), chlorophyll b (b), total chlorophyll (c),
chloropyll a/b (d) and carotenoids (e).
Note: X axis: pigment concentration (mg/mL); Y axis: Pb treatment (0, 100, 200 and 400 mmol/L). The mean difference is significant at
the P < 0.01 and P < 0.05 level.
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Based on our results, it could be speculated that the
increase in the content of photosynthetic pigments in
the leaves of S. cereale seedlings following exposure to
100 and 200 mmol/L Pb could be considered an attempt
to partly compensate the negative effects of Pb by mobi-
lizing appropriate defence mechanisms for alleviation of
stress. However, at the level of 400 mmol/L Pb treatment,
the photosynthetic pigment content decreased, suggest-
ing that, after a certain point, Pb stress probably
becomes insurmountable for the plants. These results
are in accordance with the report of Kumar et al. [23], in
which Talinum triangulare was used as a model
plant and different Pb levels (0, 0.25, 0.5, 0.75, 1.0 and
1.25 mmol/L) were applied. Increments were seen in the
content of chlorophyll a, chlorophyll b and carotenoids
under 0.25 and 0.5 mmol/L Pb treatment, whereas
reductions in the content of these pigments were
observed when higher levels of Pb were applied. Accord-
ing to our results, the synthesis of photosynthetic pig-
ments was promoted under tolerable Pb treatment
levels (100 and 200 mmol/L) for the plant. The produc-
tion of photosynthetic pigments is one of the events
that occur in most plants exposed to heavy-metal stress.
[2224] The survival and plant development at excess
Pb exposure (400 mmol/L) was quite low. Pb adversely
affects the mechanisms involved in plant growth and
synthesis of photosynthetic pigments.[22,2527]
Pb accumulation in S. cereale leaves and roots
As a next step in our study, the concentrations of Pb in
the leaves and roots of S. cereale grown in the presence
of different Pb concentrations were determined. The
results showed that the concentration of Pb in the leaves
and roots dramatically increased when different
amounts of Pb were added in the culture medium
(Figure 2). Progressive accumulation of Pb was observed
in all studied plant parts proportionally to the levels of
Pb in the culture medium.
Effect of Pb treatment on the protein content
Oxidative stress in cells due to the generation of ROS is
known to cause lipid peroxidation, enzyme inactivation
and genetic material damage at the biochemical level.
[28] In our study, reductions in the total protein content
status in the roots of S. cereale were observed at all levels
of Pb treatment (Figure 3). Under 100, 200 and 400
mmol/L Pb treatment, there was a reduction in the con-
tent of total protein by »46.29%, »29.27% and
»22.02%, respectively, compared with the control. The
rate of reduction was most severe under 100 mmol/L Pb
treatment. Although there was a decrease in the total
protein content at the other treatment levels, the rate of
decline decreased compared to control. It could be spec-
ulated that these results could be interpreted as evi-
dence that Pb stress activated the SOS response
mechanism in the plants, thereby increasing the content
of related SOS response proteins in the plant cells.
Genotoxic potential of Pb in S. cereale root tips
To evaluate the possible genotoxic potential of different
Pb concentrations on the genetic material of S. cereale
0
3
6
9
12
15
Control                100µmol/L             200µmol/L              400µmol/L
A
0
80
160
240
320
400
Control                100µmol/L             200µmol/L              400µmol/L
B
Figure 2. Concentrations of Pb (mg/kg DW) in leaf (A) and root (B)
samples of S. cereale seedlings grown in the presence of different
Pb concentrations (0, 100, 200 and 400 mmol/L) for two weeks.
0.00
0.05
0.10
0.15
0.20
Control              100µmol/L            200µmol/L             400µmol/L
Figure 3. Effects of Pb on total soluble protein (mg/g DW) in
roots of S. cereale seedlings grown in the presence of different
Pb concentrations (0, 100, 200 and 400 mmol/L) for two weeks.
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root cells, a comparative analysis of the RAPD-PCR pro-
files of treated and non-treated samples was performed.
The RAPD-PCR primer produced different band patterns
in Pb-treated and unexposed (control) samples (Figure 4,
Table 1). The comparisons between the RAPD profiles of
root-tip cells of Pb-treated and non-treated plants were
done on the basis of the changes in the specific RAPD
bands. The band patterns and molecular sizes of the
amplification products obtained with the primer showed
that extra bands (949, 965 and 761 bp) appeared in the
100 and 200 mmol/L Pb treatment variants, whereas
some normal bands (311 and 1073 bp) disappeared at
200 and 400 mmol/L treatment levels. This may be
related to the level of DNA damage, since there was a
positive correlation between the losses and gains of
bands and the applied Pb concentrations in our study.
GTS was considered as a quantitative measure of the
alterations in the RAPD profiles resulting from changes
in DNA (Figure 5). At the highest level of Pb exposure
(400 mmol/L), the GTS was decreased, which correlated
well with the decrease in the photosynthetic pigments
content in the leaves and the total protein content in
the roots of S. cereale seedlings (Figures 1 and 3).
Excessive concentrations of heavy metals can gener-
ate different types of DNA damage, including single-
and double-strand breaks, modified bases, abasic sites,
DNA-protein cross-links and oxidized bases.[29,30]
Changes in DNA structure produced by the events
involving different types of lesions and mutations can
affect the kinetics of PCR.[31,32] New PCR products
could be formed owing to the occurrence of new oligo-
nucleotide priming sites complementary to oligonucleo-
tide primers following changes or alterations in DNA
sequences due to mutations (deletions, inversions, inser-
tions etc.) and/or homologous recombination, resulting
in new annealing events.[33] RAPD profile alterations
with other parameters have been used in evaluation of
genomic DNA template stability and detection of
genotoxic damage induced by bio-accumulation of
pollutants.[34,35]
Figure 4. Representative RAPD profiles of genomic DNA from
root-tips of S. cereale plantlets exposed to different Pb concentra-
tions. Lane M: Gene RulerTM 100 bp DNA ladder; Lane S1: control
plants (unexposed to Pb treatment); Lane S2: 100 mmol/L Pb-
treated plants; Lane S3: 200 mmol/L Pb-treated plants; Lane S4:
400 mmol/L Pb-treated plants).
Note: a: indicates appearance of new bands, b: disappearance of
normal bands.
Table 1. Representative results of RAPD profile alterations in the number and molecular size (bp) of appearing/disappearing bands as
detected with primer 4 (CTGAGGTCTC) in root-tip cells of S. cereale plantlets exposed to different Pb concentrations and unexposed
control plantlets.
RAPD bands
Number of bands Band size (bp)
Pb concentrations (mmol/L) Total (n) a (new) b (missing) A (new) B (missing)
0 (Control) 4    
100 5 1 –  949
200 5 2 1 965; 761 311
400 3  2 – 1073; 311
Note: a: number of appearing new bands, b: number of disappearing (missing) normal bands; A: size of appearing new bands, B: size of disappearing (missing)
normal bands.
0
30
60
90
120
Control              100µmol/L            200µmol/L              400µmol/L
Figure 5. Effects of Pb on genomic template stability (%) in
S. cereale grown in the presence of different Pb concentrations
(0, 100, 200 and 400 mmol/L) for two weeks.
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Final remarks
The results from our study showed decreases in the con-
tent of total protein and photosynthetic pigments and in
genomic DNA stability in S. cereale seedlings grown
under Pb stress and there was a correlation between
these parameters. Our data showed that Pb itself mainly
accumulated progressively in all parts of the plant when
different levels of exogenous Pb were applied. The
reduction in the photosynthetic pigment levels in S. cere-
ale plantlets correlated well with the observed changes
in the RAPD profiles (Figures 1 and 4). The data suggest
that the extent of the DNA damage seems serious mainly
in the cells in leaf tips of S. cereale plantlets. Our findings
are in agreement with those reported by other research-
ers. For example, lead-induced toxicity resulted in
reduced photosynthetic pigment content and occur-
rence of different RAPD-PCR patterns in the leaves of
Brassica rapa following Pb exposure.[22] Changes,
including reduction of growth, increase in the total solu-
ble protein level and alterations in the RAPD profiles,
were observed following ascending cadmium (Cd) expo-
sure in root tips of barley (Hordeum vulgare).[36] When
increasing the levels of boron (B) and zinc (Zn) expo-
sures, reductions in GTS and total soluble protein con-
tent and increased polymorphism rate in the RAPD
profiles were found in Zea mays.[37] The effects of metals
(Cd, Pb and Zn) on the biomass, root-shoot length and
photosynthetic pigments of Hibiscus rosa sinensis sug-
gested that heavy-metal stress influences the
photosynthetic pigment contents and also induces DNA
changes during remediation.[38] Significant decreases
in photosynthetic pigment contents and genetic
alterations were detected in Egyptian clover and Sudan
grass after Cd treatment in a dose-dependent manner.[39]
Thus, the ever-growing amount of data about the detri-
mental effects of Pb on plants suggests that Pb
toxicity tends to be a problem particularly in the environ-
ment due to its extensive utilization in the developing
world.
Conclusions
In the present research, the possible physiological and
genotoxic effects of Pb in S. cereale were investigated for
better understanding of the effects of Pb pollution on liv-
ing species and assessment of the degree of Pb pollution
in the environment based on comparison of the data
from this work and those obtained from environmental
screening and monitoring. In our study, induced genomic
alterations and changes in some physiological parameters
were detected in S. cereale grown in the presence of Pb.
Furthermore, the obtained results suggest that RAPD-PCR
data and physiological parameters can be used together
for the estimation of Pb pollution.
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